A pair of weakly interacting optical fibers, which are described by two nonlinear Schrodinger equations with linear coupling terms, is considered in the framework of perturbation theory. It is shown that the interaction of optical solitons in this system is inelastic and that they may form a bound state (bisoliton). The stability and internal oscillations of the bisoliton are also investigated.
Since they were first observed, solitons in nonlinear single-mode optical fibers' have been the subject of experimental and theoretical investigations, both as intriguing physical objects and because of their potential applications in optical communications. Solitonbearing nonlinear fibers may find an additional application as optical logic elements. In particular, in Ref. 2 it is proposed that optical transistors and switches be designed to utilize soliton interaction in tunnel-coupled optical fibers. This interaction is described by a pair of nonlinear Schrodinger (NS) equations coupled by linear terms [see Eqs.
(1) below]; coupling between linear fibers has been discussed by Marcuse. 3 The interactions of solitons in switches based on dual-core fibers were recently considered in more detail by means of numerical methods, 4 ' 5 where the same model [Eqs. (1) ] was employed. The aim of this Letter is to develop an analytical investigation of the soliton interactions in tunnel-coupled optical fibers.
Regarding the linear coupling terms as a small perturbation, we demonstrate the existence of bisolitons, i.e., bound states of two solitons belonging to different fibers (similar to the vector solitons defined in Ref. 6 ). Bisolitons have recently been detected in a numerical study. 4 We investigate the stability and internal oscillations of the bisolitons. In addition, we examine the effects of a collision between two free solitons propagating in different fibers, and we demonstrate that these solitons exchange energy owing to the collision, which is a nontrivial result.
A model of tunnel-coupled optical fibers has been proposed by Maier 2 (see also Refs. 4 and 5 (1) is not exactly integrable, unlike the decoupled NS equation. Nevertheless, this system has three integrals of motion, including the total energy, (2) I, = J dt(1u 1 1
2 ), and the total phase modulation,
+a Re(ulu 2 *)]. (3) If x is the evolution variable, the last term in Eq. (3), Hint-° aRe f dt ulu2* (4) has the form of the interaction Hamiltonian between the wave fields u, and u 2 .
In the absence of coupling (a = 0), the NS equation has the well-known soliton solution 7 (5) where &j = (417j2 -114Vj 2 )x-°), r-= Vjx + r5O),-j and Vj are the solitons' amplitudes and velocities, respectively, and 05O) and -rO) are phase constants.
In the presence of weak coupling (lal «<1 2 ), all the solitons' parameters nj, Vj, (°), and T(O) experience slow evolution. The most simple and natural way to derive the corresponding evolution equations is to employ the Hamiltonian approach (see, e.g., Ref. 8). Inserting Eq. (5) into Eq. (4), we find a value of Hint for the unperturbed soliton solution. (We do not explicitly repeat this rather cumbersome expression for Hint here.) To obtain the evolution equations for the firstorder approximation in a, we employ the unperturbed canonical momenta and coordinates 7 : (Pl)j = Vi, (P2)j Let us consider a collision between two free solitons with equal amplitudes 71, = '72 = X moving with the velocities V 1 , 2 = ±V. Using equations analogous to Eqs. (6) Evidently, Eqs. (7) describe the motion of a unit-mass particle on the (r, k) plane in the presence of an effective potential U = -32an 2 (r/sinh r)cos 0.
It is interesting to note that the same effective potential const. -r/sinh r describes the interaction between two solitons (fluxons) in a system of weakly coupled
Josephson junctions. 9 The equilibrium positions of the potential (8) are are r = 0, sin 0.
The trivial solution [Eqs. (9)] to Eqs. (lOb)
[Recall that Icos 01 = I in the equilibrium position (9) .] We see that the bound state of the two solitons can be either stable or unstable (i.e., c2 > 0 or CW 2 < 0) depending on the signs of a and cos q. In particular, a < 0 guarantees that no stable bound state exists. It is also possible to find certain dynamical trajectories corresponding to oscillations that are not small. Equations (7) (sin 0) and the amplitude difference q is zero. In the linear limit, the eigenfrequency of these position oscillations is given by Eq. (lOb). Equation (11) de-AV 1 = AV 2 = -(V/I)An- (13) It is straightforward to show that the changes in the integrals I, and I2 [see Eqs. (2) and (3) 
Direct substitution of expressions (12) and (13) into these equations demonstrates that the net quantities I1,2 -(1,2), + (11,2)2 are indeed conserved.
It is also possible to study a more complicated inelastic process, i.e., a collision between a free soliton and a bisoliton. This collision may result in a breakup of the bisoliton. 9 The fact that expressions (12) and (13) are nonzero is an unusual feature of the present problem. Indeed, an investigation of a pair of NS equations coupled by the linear terms'l a(u2)tt and a(ui)tt, or by the nonlinear terms a1u212u, and aju1j2u 2 , demonstrates that, to first order in a, A 77 1 , 2 = 0, A V1, 2 = 0, and the only first-order effect is a perturbationinduced change of the phase constants k() and r(0) A change of the amplitudes and velocities appears at the order of a 2 owing to radiative losses. 12 It is relevant to compare the interaction of solitons belonging to different weakly coupled subsystems with the interaction of two solitons belonging, to the same system described by the perturbed NS equation, e.g., the one with a third-order dispersion term.1 3 - 1 5 As demonstrated in Ref. 10 , in the latter case, in contrast to the former case, an effective potential of the intersoliton interaction cannot be consistently defined. Hence, the important question of the stability of a two-soliton bound state (a breather) remains unresolved under an approximation that is analogous to the one developed in this Letter. The numerical analysis of Ref. 14 demonstrates that the breather is stable, provided that the perturbation constant is less than a critical value. It is possible that radiative losses play a crucial role in the stabilization of the breather. Another approach to the breather's stability problem has been presented in Ref. 15 . However, that approach seems questionable, as discussed in Ref. 10 . At the (12) same time, it is interesting to note that the intersoliton interaction generated by another perturbation, a quintic nonlinear-dispersion term, may be described in terms of an effective potential. 1 In conclusion, the propagation of orthogonally polarized light pulses in a birefringent nonlinear fiber is described by a pair of coupled NS equations with strong nonlinear coupling' 6 (a particular case is the exactly integrable Manakov's system1 7 ) . Interesting effects, which are of practical importance for applications to optical switching,16"1 8 may arise when solitons of different polarizations interact. We are currently pursuing this research.
